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Gelatin, a protein (Meyer, 1942; 
Gustavson, 1956), and agar, a 
polygalactose, (Meyer, 1942; Tseng, 
1946; Mori, 1953) very easily form 
aqueous gels, i.e., semisolids which 
have desirable properties in many 
types of chemical and physiological 
studies, including measurements of 
the diffusion coefficients of salts 
and non-electrolytes. Gels, reduc-
ing the effective volume of the sol-
vent (water), somewhat eliminate 
the problem of thermal and me-
chanical mixing encountered when 
using solutions and free solvent. 
Sharp diffusion boundaries are usu-
ally seen when using gels. These 
advantages of gels have already 
been exploited by several investiga-
tors (Stiles and Adair, 1921; Fried-
man, 1930; Felicetta et al., 1949; 
Fujii and Thomas, 1958; Lauffer, 
1961; Schantz and Lauffer, 1962; 
Newson and Gilbert, 1964; Winn 
et al., 1964), who have taken meas-
urements of the rate of diffusion of 
substances using either the "solu-
tion-to-gel" or the "gel-to-gel" 
method. 
In the following, a rather simple 
"gel-to-gel" procedure for the esti-
mation of diffusion coefficients (D) 
is described. D values were obtained 
for the ions: Na22 ; K'"; Cs1"; Cl'"; 
Br•2 ; !131 • These studies were done 
using agar gel that contained 0.11 M 
of inactive salts corresponding to 
the radioactive compounds which 
were under investigation. In other 
experiments D for Na22 was esti-
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mated, using NaCL-free and NaCl-
containing gelatin gels at varying 
pH. 
THEORY 
As will be pointed out in detail 
below the method of estimating D 
is based on measurements on the 
distribution, c(x, t), of a radioac-
tive ion in a pair of semi-infinite 
gel cylinders, joined end to end, for 
which the boundary conditions are : 
c = 0 for x < 0, at 0 
c = Co for x > 0, at 0 
t is the time, and x is the distance 
into the agar cylinders measured 
from the plane of junction (x = 0). 
Following the deductions pre-
sented by Shewmon ( 196 3) and 
applying the "thin film solution" of 
Fick's second law to the problem 
of the distribution, c( -x, t) of the 
radioactive ion in the originally 
"cold" gel cylinder, one has 
Co n 
c(-x, t) ~ 2 _ ; D L !:rn; V?r f ; - 1 
[ (-x - a,)2] 
. exp - 4 Dt (1) 
In this equation, a, is the distance 
of the ith agar slice (of the origi-
nally "hot" agar) to x = 0. For n 
going to infinity, !::,. a, goes to zero 
and one has 
Co 
c(-x, t) = 2V7r Dt 
!,, [ (-x - a) 2 ] 
. o exp - 4 Dt da (2) 
The c( -x, t) distribution can also 
be expressed in terms of an error 
function as follows : 
c(-x, t) 
or 
erf (2;; DJ = I - 2c( ~ox' t) , 
for x < 0 (4) 
Numerical values for erf corre-
sponding to the measured c(- x, t) I 
Co data are obtainable from prob-
ability tables. A plot is then made 
of -x vs xi (2y Dt) and D is cal-
culated from the slope, 1/ (2\/Dt) , 
of the straight line which one ob-
tains. 
METHODS 
Preparation of Gels 
The agar gel was prepared by 
adding 3 g of Difeo Bacto-Agar to 
100 ml of de-ionized water. If the 
ion for which the diffusion coeffi-
cient was being determined was a 
cation, enough unlabeled chloride 
salt of the ion was added to the gel 
to give a salt concentration of 110 µ. 
moles per ml of solution. If the ion 
was an anion, enough unlabeled 
sodium salt of the ion was added 
to give a salt concentration of 330 µ. 
moles per ml. The salt concentra-
tions were arrived at arbitrarily. 
The gel was then divided into two 
parts. To one of these parts was 
added the radioactive ion, contained 
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Fig. I-Cylinder arrangement in the 
diffusion studies: a, modified 2 ml 
hypodermic syringe; b, two syringes 
joined together and held together by 
electrical tape. 
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Fig. 2-Calculation of distances x,, 
expressed in cm, from the weight of 
the agar slice (M, ), expressed in mg, 
and the factor 1000/ 0.625 X 1.003 = 
1.6 X 10-•. 1.003 is the density of the 
gel. 
in either the sodium or chloride salt 
of the ion of interest. The solution 
of the radioactive salt which was 
added had been previously neutral-
ized and, in each case, the amount 
added to the gel did not signifi-
cantly alter the salt concentration. 
Experiments in the agar gel were 
run for the ions of sodium22, potas-
sium", cesium134, chloride06, bro-
mide"', and iodide131• 
The gelatin gel was prepared in 
a similar manner. Sodium22 was the 
only isotope used in this case. Three 
grams of Eastman purified calfskin 
gelatin and 3 g of agar were added 
to 100 ml of de-ionized water. The 
addition of agar was found neces-
sary since the gelatin alone did not 
give a gel which would harden 
sufficiently to permit slicing. The 
isoelectric point of the gelatin was 
given by the manufacturer to be at 
pH 4.8. Three batches of the gela-
tin gel were prepared and the pH 
values were adjusted so that one was 
charged positively, pH 3.1 at 24 C, 
one was charged negatively, pH 6.5 
at 24 C, and one was neutral, pH 
4.8. This was done by reading the 
pH of the batch being adjusted on 
a Radiometer pH Meter and adding 
Na OH or HCl as was needed to ob-
tain the proper pH value. After the 
pH adjustment the batch was divided 
into two, and to one of these was 
added the radioactive ion. Experi-
mental determinations were made 
for the coefficients of diffusion for 
sodium at all three pH values in 
both salted (110 mM/ liter NaCl ) 
and unsalted gelatin. According to 
specifications by the manufacturers, 
both the agar and the gelatin con-
tained small amounts of minerals. 
The precise minerals and amounts, 
however, are not known to the in-
vestigators. 
Procedures of Measurements 
The cylinders which were to con-
tain the gel during the experiments 
were prepared by cutting off the 
needle ends of two 2-ml syringes. 
The end of the syringe barrel that 
had been cut was ground and fire 
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polished to form a smooth surface. 
For each experiment the plunger 
of ·one of the syringes was placed 
in the barrel, and friction was al-
lowed to hold it in place near the 
end of the barrel (fig. la). The 
syringe was then placed in an up-
right position resting on the end of 
the plunger. Non-radioactive gel 
containing the ion being studied 
was poured into the syringe from a 
10-ml pipette. Care was taken in 
the procedure to eliminate all bub-
bles from the gel. The gel was al-
lowed to protrude above the syr-
inge because the gels shrunk as 
they solidified. After the gel had 
hardened sufficiently, the protrud-
ing part was carefully sliced off. 
This slicing was done with a razor 
blade in the case of the agar gels. 
A thin, taut wire had to be used to 
slice the protein gel since the pro-
tein gel had a tendency to stick to 
the razor blade and consequently 
did not give a clean cut. A second 
syringe was mounted end to end 
atop the filled syringe and held 
firmly in place with electrical tape 
(fig. 1 b). Gel containing the radio-
active ion was introduced into this 
second syringe by an eyedropper 
which had been altered by drawing 
the end into a thin tip. Again 
care was taken not to introduce 
bubbles. The radioactive gel was 
always poured only after its tem-
perature had fallen below 60°C to 
guard against melting the surface 
of the non-radioactive gel and thus 
mixing the two. The depth to which 
the radioactive gel was poured in 
the second syringe was adjusted so 
that it was equal in depth to the 
depth of the non-radioactive gel 
(about 3 cm). This was done so 
that equivalent boundary conditions 
would be obtained. After the gel in 
the second syringe had hardened, 
the plunger was carefully placed in 
the end. Undue pressure was 
avoided in this operation to prevent 
extruding the gel from between the 
syringes. These two syringes were 
placed in a plastic bag which was 
sealed and immersed in a water 
bath maintained at a temperature 
of 18.8 ± .1 C. After a period of 
from 5 to 10 hours they were re-
moved from the bath and sepa-
rated. The originally non-radioac-
tive or "cold" gel was then sliced 
into thin sections by using the razor 
blade or taut thin wire. The slices 
were always taken from the cold 
side since it was found that a Gaus-
sian distribution of concentration 
gradient was more closely obeyed 
on that side (Winn et al., 1964). 
The sectioning was done by exud-
ing the gel from the syringe by ap-
plying pressure on the plunger. Ten 
slices were kept in a moist chamber 
to prevent evaporation while the 
weighing procedure was carried 
out. The slices were removed from 
the chamber one at a time and 
weighed on a Federal Pacific preci-
sion torsion balance to the nearest 
10th of a mg. As the slices were 
weighed they were placed in indi-
vidual test tubes. The relative radio-
activity of each slice was then de-
termined by counting with a Baird 
Atomic model 132 scaler using a 
shielded well in which the scintil-
lating crystal and photocell were 
TABLE 1 
DIFFUSION EXPERIMENT No. 2 Cl W1TH NaC1 36 
20 
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Fig. 3-Plot of ( -x) vs x l 2v'Dt using 
data given in table 1. Calculation of 
Dc1 is also shown. 
Diffusion experiment No. 2 CJ with NaCl36 in salted agar. Time of experi-
ment: 5 hours. Original CJ3° concentration (Co) in agar: 71.55 CPM/ mg. 
Background : 690 CPM. 
I Cx I 
Agar Weight Count Rate 
Slice of Count Cumulative 
-
No. Slice Rate* Unit Weight Weightt -Xi c, / co erf x / 2yDt 
-------
i mg CPM CPM/ mg mg cm 
1 137 .5 4239 30.82 68.75 . llOO .4308 .138 . 123 
2 172.3 3744 21. 72 223.65 .3578 .3036 .392 .363 
3 113.8 1679 14.75 366.70 .5867 .2062 .587 .579 
4 148 .6 1468 9.87 497.90 .7966 . 1380 .723 .769 
5 137.2 871 6.34 640.80 1.0252 .0887 .822 .952 
6 152.6 516 3.38 785.70 1. 2571 .0472 .905 1.181 
7 144. 1 250 I. 73 934.05 1.4944 .0242 .951 1.392 
8 160.8 136 .84 1086.50 1.7384 .0118 .976 1.596 
9 137.4 37 .26 1235.60 1. 9769 .0037 .992 1.875 
10 125 .8 12 .09 1367.20 2. 1875 .0013 .997 2.100 
i= (1: -1) 
L: 
i=O 
* Corrected for Background. t (~· + 
129 
DIFFUSION OF RADIOACTIVE IONS IN GELS 
TABLE 2 
Experimentally obtained diffusion coefficients (column 3) by the method de-
scribed in this paper, of several ions in 3% salted agar at 18.8 ± 0.1 ° C. Dif-
fusion rate of Br82 was measured in salted and unsalted ( *) agar. The errors 
given are the standard errors of the mean values. 
Diffusion Equivalent Ionic Diffusion 
Ion Species Number of Coefficient, D, Conductance, /.;, Coefficient, D, 
Studied Experiments Found (18 C) Calculated 
i (cm' / sec) X 106 cm2/fl X Eq (cm2 / sec) X 106 
Sodium" 5 11.4 ± 0.3 42.8 11.1 
Potassium42 5 16.2 ± 0.4 64.2 16 .7 
Cesium134 6 15.5 ± 0.2 67.1 17.4 
Chloride36 10 17.1 ± 0.4 64.3 16.7 
Bromides• 5 16.1 ± 0.1 66.3 17.2 
*Bromide82 10 14.3 ± 0.2 66.3 17.2 
Iodide131 5 18.0±2.8 65.3 17.0 
TABLE 3 
Experimentally obtained diffusion coefficients, by the method described in this 
paper, of sodium22 in 3 %-gelatin-3 % agar gel at several pH values. The iso-
electric point of the gel is at pH 4.8. Salted gels contained 110 mM non-radio-
active NaCl per liter (Kg) of gel. 
Diffusion 
Gelatin-agar Number of Coefficient, D, 
Mixture Experiments Found 
(cm2 per sec) X 106 
A. pH 3 . 1 unsalted 5 10.7 ± 0.5 
B. pH 4.8 unsalted 6 7.2 ± 0.2 
C. pH 6. 5 unsalted 5 9.3 ± 0.2 
D. pH 3 .1 salted 4 11.7±0.2 
E. pH 4.8 salted 6 11 .2 ± 0.4 
F. pH 6.5 salted 5 11.3 ± 0 .6 
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mounted. The original concentra-
tion of the radioactive ion was de-
termined by a similar process. A 
single syringe was filled with radio-
active gel and allowed to set for 
several hours. The gel was then 
sectioned and weighed. The slices 
were placed in test tubes and 
counted under the same conditions 
as were the experimental slices. No 
concentration gradient was found 
in this process indicating that the 
source was uniformly distributed 
throughout the syringe. 
The distance, -x., into the plug 
from which each slice was taken 
was determined from the weight of 
the slice and the cummulative 
weight of all of the previous sec-
tions of the plug (fig. 2). Applying 
the equation 
t . (-x;)=-t+ 
i= (i- 1) 
L: 
i= O 
f ; 
= l.6· 10-a(M; + ; ~£ 1> M;) 
2 ;~o 
The data obtained from the 
weighing and counting were ana-
lyzed by use of the IBM model 1620 
computer. By use of equation ( 4) 
and a plot of the distance into the 
plug versus the value of the limit 
of the error function, the value of 
the coefficient of diffusion was ob-
tained. 
RESULTS 
Table 1 shows a typical data 
sheet. The value for the weight of 
the slice and the radioactive counts 
per minute were determined experi-
mentally as previously described. 
All of the remainder of the data 
was rendered by the IBM 1620 
with the exception of the value of 
the limit of the error function. This 
value was found from mathemati-
cal tables. Figure 3 explains how D 
was determined from data such as 
tabulated in table 1. The values of 
the slopes were obtained using the 
IBM 1620 and a least squares pro-
gram. In most instances, only the 
first six experimental points 
(- x = 1.4 cm) were used to get 
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these values since it was found that 
the slope of the line changed some-
what at high values of the distance 
into the cylinder (Winn et al., 
1964). Four to ten experimental 
determinations were made of the 
coefficient of diffusion for each ion 
of interest. The average results of 
these determinations are shown in 
tables 2 and 3. All values were 
rounded out at the first decimal. 
The errors resulting from weigh-
ing, counting, and temperature fluc-
tuations were found to be much 
smaller than the statistical error in-
troduced by averaging the values 
obtained for several determinations. 
The uncertainties tabulated are 
standard errors of means and were 
calculated from the formula 
[ 
n d·2 ]1/2 
a- = ± L: , ;~ 1 n(n - 1) 
where d, is the deviation of the ith 
value from the mean and n is the 
number of values used in the aver-
age. 
DISCUSSION 
Comparison of Results with 
Data of the Literature 
When in a process of diffusion 
one isotope is replaced by another, 
one refers to this mode of mixing 
of particles as "self-diffusion." In 
all our experiments where salted 
gels were used, the isotopic ion dif-
fused in this manner and hence the 
D values obtained under these con-
ditions must be regarded as the 
self-diffusion coefficients of the ion 
species mentioned in tables 2 and 
3. The experimental values agree 
reasonably well with D values cal-
culated from the Nernst equation. 
RT D · = -.,.. ;\ (5) 
, p- , 
Numerical values for A., (column 
4, table 2) were obtained from 
physico-chemical tables. The differ-
ence between D (found) and D 
(calculated by equation 5) are ± 
a few percent. (RT! F2 = 26.0 x 
10-s Eq. fl per sec) . 
In making these comparisons 
and calculations no consideration 
was given to the volume occupied 
by the gel particle. Schantz and 
Lauffer (1962) and others have 
pointed out the need for a volume 
correction in measurements on D 
when using the solution-to-gel 
method. This seems unnecessary in 
the gel-to-gel method used in the 
present study. Inspection of equa-
tion ( 4) shows that the ratio c,/ c0 
on which D depends remains the 
the same regardless of whether one 
expresses the concentrations in 
terms of CPM per total gel vol-
ume, or per free fluid volume; 
"cold" and "hot" gel plugs were 
prepared from the same batch of 
gel. It should also be pointed out 
that this is in agreement with the 
plot shown in figure 3 which shows 
that the regression line very nearly 
goes through the zero point. In 
scme experiments, however, the 
regression line intersected the 
x/ 2y'Dt axis just above the zero 
point. The meaning of this was not 
further explored. 
SALT AND pH EFFECTS 
The term "unsalted gel" (or gel 
at relatively low ionic strength) is 
used to designate a gel to which 
no other than the radioactive salt 
was added. From analytical data 
available it is estimated that un-
salted gels contained as impurity 
about 3 mM/liter NaCl. This was 
the condition under which the 
*bromide02 experiments (table 2) 
and the sodium22 experiments B 
(table 3) were carried out. In the 
latter case the gel prepared in dis-
tilled water had a pH of 4.8 which 
is the LP. of the gelatin used. In 
the experiments with unsalted and 
salted gel at lower and higher pH 
some NaCl was introduced by 
making the pH adjustments. This 
amount is estimated to 10 to 20 
mM/ liter gel. Since no statistically 
significant differences were found 
among the D N,22 values (D, E, F , 
table 3) for salted gels at varying 
pH (P > 0.3), and since there 
were 10 to 20 mM/ liter NaCl pres-
ent in the " unsalted" gels at pH 3.1 
and 6.5 , it is assumed that the ob-
served differences in the D's (A, 
B, C, table 3) are the result of salt 
rather than pH effects. 
The diffusion coefficients for 
bromide82 and sodium" in unsalted 
gels were significantly lower than 
in salted gels (P = 0.01 and P < 
0.01, respectively). The possibility 
was considered that in the absence 
of added NaCl the isotopic ele-
ments diffused as NaBr02 and Na22Cl. 
From the equivalence conductances 
given in table 2 one can calculate 
for 
2RT ANa ·AH c 
F 2 0ANa +As , 
= 13 .5 X 10- 6 cm2/ sec 
This value is close to the one ac-
tually observed (14.3 ± 0.2 cm2/ 
sec, table 2). In the case of NaCl, 
however, the calculated D N,01 value 
is 13.4 cm2/ sec, as compared to the 
observed value of 7.2 ± 0.2 cm2/ 
sec. The reasons for the observed 
low D N,22 value for unsalted gel at 
pH 4.8 remains unexplained . 
SUMMARY 
1. A simple gel-to-gel method is 
described for the estimation of dif-
fusion coefficients (D) of radio-
isotopic chemicals. "Cold" and 
"hot" gel cylinders, enclosed in 
small hypodermic syringes with 
their needle ends cut off, were care-
fully joined together, and diffusion 
was allowed to proceed for several 
hours. Slices of gels were then ob-
tained for counting of activities. 
Application of the classical theory 
of diffusion permitted calculations 
of D values. The method was ap-
plied to the ions of Na22 ; K"'; Cs""; 
Cl36 ; Br" ; 1101 • Both 3 % agar and a 
mixture of 3 % agar and 3 % gelatin 
were used. Measurements were done 
on gels in water and on gels which 
contained "cold" salt ( 110 mM per 
liter, occasionally more); e.g., NaCl 
in Na22 and in Cl'" diffusion meas-
urements; KC! in the case of studies 
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on K "', and likewise in other cases. 
2. The D values (self-diffusion 
coefficients) obtained when salted 
gels were used agreed well with data 
of the literature based on estima-
tions of the equivalent ionic con-
ductances in diluted aqueous solu-
tions. No dependence of D N. on 
pH of the gelatin-agar gel was seen. 
3. D B,•2 and D N.22 for unsalted 
gels (containing only 3 mM/ liter 
NaCl) were significantly lower than 
the D's for salted gels containing 
added NaBr and NaCl, respectively. 
In the case of bromide this may be 
explained if one assumes that in 
the absence of added salt Br82 dif-
fused as NaBr82• In the case of Na22 , 
however, D N.22 (or D Na22c1) = 7.2 
± 0.2 cm2/sec in unsalted gel at 
pH 4.8 is far below the calculated 
D NaC I = 13.4 x 10-· and D Na22 = 
11.2 to 11. 7 x 10-• cm2/ sec found 
in salted gel. The reason for the 
discrepancy remains unexplained. 
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